supposition in a native ecosystem. The data presented here demonstrating that herbivory by Serengeti grazers tangibly accelerates the mineralization of two minerals of considerable importance in animal nutrition are consistent with simulation results from grassland ecosystem models (3) . In addition, they indicate that the accelerated recycling of plant-available Na is probably the mechanism leading to levels of that animal nutrient in grazer-exploited Serengeti grasslands that are sufficient to alleviate nutritional shortage in the grazers, particularly reproductive females and growing young (5) .
Mammalian herbivores have been pervasive in grasslands through evolutionary time (12) , their levels of forage consumption are considerable (6, 13) , and the animals accelerate rather than retard nutrient cycling. The intensity of the plant-herbivore interaction in grasslands, and its evolutionary antiquity, may have attenuated detrimental interaction effects through coevolution (1) . Overgrazing of grasslands, on the other hand, which is commonly associated with the replacement of free-ranging wild herbivores with livestock and the resulting higher animal densities (14) , often causes the replacement of highly palatable forages (15) that produce easily decomposable litter (10) with other plant species of lower nutritional quality and decomposability.
These data provide evidence that a terrestrial grazer can modify ecosystem processes in such a way as to alleviate nutritional deficiencies and, therefore, plausibly to elevate the carrying capacity of the ecosystem. The data also identify accelerated nutrient cycling as an important property of habitats that are critical to large mammal conservation (16) . The coupling of animal site preference with nutritional effects could provide a guide for identifying sites essential for planning large mammal conservation in natural ecosystems. In addition, the presence of such sites, and the role of mammals in maintaining them, provide clear evidence that habitat deterioration is not an inescapable consequence of increased density of organisms (1) Hyaluronan or hyaluronic acid (HA), a member of the glycosaminoglycan family that also includes heparin and chondroitan, is a linear polysaccharide composed of alternating ␤1,4-glucuronic acid (␤1,4-GlcA) and ␤1,3-N-acetylglucosamine (␤1,3-GlcNAc) groups. Typically the full-length polymer chains are composed of 10 3 to 10 4 monosaccharides (10 6 to 10 7 daltons). HA is an important structural element in the vitreous humor of eye, synovial fluid, and skin of vertebrates (1). Furthermore, HA interacts with proteins such as CD44, RHAMM, and fibrinogen, thereby influencing many natural processes such as angiogenesis, cancer, cell motility, wound healing, and cell adhesion (2) . HA also constitutes the extracellular capsules of certain bacterial pathogens such as group A and C Streptococcus and Pasteurella multocida type A (3, 4) . These capsules act as virulence factors that protect the microbes from phagocytosis and complement during infection (5, 6) . Because HA, a component of the host tissues, is not normally immunogenic, the capsule serves as molecular camouflage (7). HA synthases (HASs) are integral mem- (Fig. 1) . PBCV-1 is the prototype of a family (Phycodnaviridae) of large (175 to 190 nm in diameter) polyhedral, plaque-forming viruses that replicate in certain unicellular, eukaryotic chlorella-like green algae (9) . PBCV-1 virions contain at least 50 different proteins and a lipid component located inside the outer glycoprotein capsid (10) . The PBCV-1 genome is a linear, nonpermuted 330-kb double-stranded DNA molecule with covalently closed hairpin ends (11) .
On the basis of its deduced amino acid sequence, the A98R gene product should be an integral membrane protein. To test this hypothesis, we produced recombinant A98R protein in Escherichia coli and assayed the membrane fraction for HAS activity (12, 13) . UDP-GlcA and UDP-GlcNAc were incorporated into polysaccharide by the membrane fraction derived from cells containing the A98R ORF on a plasmid, pCVHAS, (average specific activity of 2. We also tested the specificity of recombinant A98R for UDP-sugars (15) . Only the two authentic HA precursors were incorporated into polysaccharide; neither UDP-galacturonic acid (UDP-GalA) nor UDP-Nacetylgalactosamine (UDP-GalNAc), the C4 epimers of UDP-GlcA or UDP-GlcNAc, respectively, were incorporated. Likewise, UDP-glucose (UDP-Glc) was not polymerized in place of either HA precursor. This strong substrate specificity for UDP-GlcA and UDP-GlcNAc is a general feature of the HASs HasA (13) and DG42 (16) .
The recombinant A98R enzyme synthesized a polysaccharide with an average molecular size of 3 ϫ 10 6 to 6 ϫ 10 6 daltons (Fig. 2) , which is smaller than that of the HA synthesized by recombinant HasA or DG42 in vitro (ϳ10 7 daltons and ϳ5 ϫ 10 6 to 8 ϫ 10 6 daltons, respectively) (13, 16). The polysaccharide was completely degraded by Streptomyces hyalurolyticus HA lyase, an enzyme that depolymerizes HA but not structurally related glycosaminoglycans such as heparin and chondroitan (17).
We examined PBCV-1-infected chlorella cells for A98R gene expression. A ϳ1700-nucleotide A98R transcript appeared about 15 min after infection and disappeared by 60 min after infection (18), indicating that A98R is an early gene. Consequently, we assayed membrane fractions from uninfected and PBCV-1-infected chlorella cells at 50 and 90 min after infection for HAS activity. Infected cells, but not uninfected cells, had activity (Table 1) . Like the bacterially derived recombinant A98R enzyme, radioactive label incorporation from UDP-[
14 C]GlcA into polysaccharide depended on both Mn 2ϩ and UDPGlcNAc. This labeled product was also degraded by HA lyase. Disrupted PBCV-1 virions had no HAS activity.
PBCV-1-infected chlorella cells were analyzed for HA polysaccharide by means of a highly specific 125 I-labeled HA-binding protein (19, 20) . Extracts from cells at 50 and 90 min after infection contained substantial amounts of HA (0.7 and 1400 ng per microgram of protein, respectively), but not extracts from uninfected algae (Ͻ0.04 ng per microgram of protein) or disrupted PBCV-1 virions (Ͻ0.04 ng per microgram of dry weight). The labeled HA-binding protein also interacted with intact infected cells at 50 and 90 min after infection, but not with healthy cells (21). Therefore, a considerable portion of the newly synthesized HA polysaccharide was immobilized at the outer cell surface of the infected algae.
The extracellular HA does not play any obvious role in the interaction between the virus and its algal host because neither plaque size nor plaque number was altered by including either testicular hyaluronidase (465 units/ml) or free HA polysaccharide (100 g/ml) in the top agar of the PBCV-1 plaque assay (9) .
Among chlorella viruses, HA biosynthesis during infection is not limited to the PBCV-1 prototype strain. Thirty-three independently isolated and plaque-purified viruses from the United States, South America, Asia, and Australia were tested for the presence of an A98R-like gene and for the ability to direct production of HA polysaccharide in Chlorella NC64A. Dotblot hybridization analyses of the individual viral genomes with the PBCV-1 A98R probe indicated that 19 isolates (58%) had a similar gene; the algal host DNA did not cross-react with the probe (21). Chlorella cells infected with each of these 19 viruses produced cell surface HA as measured by interaction with the 125 I-HA-binding protein (21).
Surprisingly, the PBCV-1 genome also has additional genes, named A609L and A100R, that encode for a UDP-Glc dehydrogenase (UDP-Glc DH) and a glutamine: fructose-6-phosphate amidotransferase (GFAT), respectively. UDP-Glc DH converts UDP-Glc into UDP-GlcA, a required precursor for HA biosynthesis. GFAT converts fructose-6-phosphate into glucosamine-6-phosphate, an intermediate in the UDP-GlcNAc metabolic pathway. Both of these PBCV-1 genes, like the A98R HAS, are expressed early in infection and encode enzymatically active proteins (22); however, these three genes do not function as an operon. Although two of these genes, A98R and A100R, are near one another in the viral genome (bases 50,901 to 52,607 and 52,706 to 54,493, respectively), A609L is located ϳ240 kb away and is transcribed in the opposite orientation (bases 292,916 to 291,747). The presence of multiple enzymes in the HA biosynthesis pathway indicates that HA production must serve an important function in the life cycle of these chlorella viruses.
The details of the natural history of the phycodnaviruses are unknown. These viruses are ubiquitous in freshwater collected worldwide, and titers as high as 4 ϫ 10 4 infectious viruses per milliliter of native water have been reported (23). The only known hosts for these viruses are chlorella-like green algae, which normally live as hereditary endosymbionts in some isolates of the ciliate, P. bursaria. In the symbiotic unit, algae are enclosed individually in perialgal vacuoles and are surrounded by a host-derived membrane (24). The endosymbiotic chlorella are resistant to virus infection and are only infected when they are outside the paramecium (9) . We hypothesize that HA synthesis and its accumulation on the algal surface may block the uptake of virusinfected algae by the paramecium. Alternatively, the chlorella viruses might have another host in nature (such as an aquatic animal); perhaps the virus is transmitted because this other host is attracted to or binds to the HA polysaccharide on virusinfected algae.
As depicted in Fig. 1 , HASs of Streptococcus, vertebrates, and PBCV-1 have many motifs of two to four residues that occur in the same relative order. These conserved motifs probably reflect domains crucial for HA biosynthesis. Regions of similarity between HASs and other enzymes that synthesize ␤-linked polysaccharides from UDP-sugar precursors are also being discovered as more glycosyltransferases are sequenced (25). The significance of these similar structural motifs will become more apparent as the three-dimensional structures of glycosyltransferases are determined.
The fact that Chlorella virus PBCV-1 encodes a functional glycosyltransferase that can synthesize HA is contrary to the general observation that viruses either (i) use host cell glycosyltransferases to create new carbohydrate structures, or (ii) accumulate host cell glycoconjugates during virion maturation. Furthermore, HA has been generally regarded as restricted to animals and a few of their virulent bacterial pathogens. Though many plant carbohydrates have been characterized, to our knowledge, neither HA nor a related analog has previously been detected in cells of plants or protists. 
